Abstract-Prenatal dietary sodium restriction produces profound developmental effects on rat functional taste responses and formation of neural circuits in the brainstem. Converging evidence indicates that the underlying mechanisms for these effects are related to a compromised nutritional state and not to direct stimulus-receptor interactions. We explored whether early malnourishment produces similar functional and structural effects to those seen following dietary sodium restriction by using a protein deficient, sodium replete diet. To determine if early dietary protein-restriction affects the development of the peripheral gustatory system, multi-fiber neurophysiological recordings were made from the chorda tympani nerve and anterograde track tracing of the chorda tympani nerve into the nucleus of the solitary tract (NTS) was accomplished in rats fed a protein-restricted or a control diet (6% and 20%, respectively). The dietary regimens began on embryonic day 7 and continued until rats were used for neurophysiological recordings (postnatal days (P) 35-50) or for chorda tympani terminal field labeling (P40 -50). Responses to a concentration series of NaCl, sodium acetate, KCl, and to 0.50 M sucrose, 0.03 M quinine-HCl, and 0.01 N HCl revealed attenuated responses (30 -60%) to sodium-specific stimuli in rats fed the 6% protein diet compared with those fed the 20% protein diet. Responses to all other stimuli were similar between groups. Terminal field volumes were nearly twofold larger in protein-restricted rats compared with controls, with the differences located primarily in the dorsalcaudal zone of the terminal field. These results are similar to the results seen previously in rats fed a sodium-restricted diet throughout pre-and postnatal development, suggesting that dietary sodium-and protein-restriction share similar mechanisms in altering gustatory development. © 2008 IBRO. Published by Elsevier Ltd. All rights reserved.
Sensory systems adapt to environmental influences by coordinated alterations in structure and function, often referred to as "plastic" changes. Unlike other sensory systems, there is a remarkable amount of environmentally induced plasticity resident in peripheral and brainstem gustatory structures. Some of the most consistent and largest alterations in the gustatory system occur to manipulations of stimuli that also impact other homeostatic systems, especially when the environmental manipulation is instituted during early development.
Perhaps the most dramatic examples of functional and structural plasticity occur in the gustatory system through prenatal dietary manipulations. For example, rats placed on a sodium-restricted diet from embryonic day 3 (E3) through adulthood have a specific and dramatic attenuation of sodium salt taste responses in the chorda tympani nerve, the nerve that innervates taste buds on the anterior tongue (Hill et al., 1986; Hill, 1987; Hill and Przekop, 1988) . Oddly, the sodium-restricted diet must be introduced before E10 to produce the functional changes in receptor cells that are due in large part to functional alterations attributed to the epithelial sodium channel (ENaC) on taste receptor cells (Hill et al., 1986; Hill, 1987; Hill and Przekop, 1988; Ye et al., 1993) . This early age (E10) is just before the birth of cells in the geniculate ganglia, which contains the soma of the chorda tympani nerve, and just before the tongue first appears (Mistretta, 1972; Altman and Bayer, 1982) . These functional changes can be reversed; sodium taste responses in the chorda tympani nerve can return to control levels within 10 -15 days after sodium is reintroduced into the diet, even if the replete diet is presented at adulthood (Hill et al., 1986; Hill, 1987; Hill and Przekop, 1988) . However, the absorption of sodium is a necessary condition for recovery to occur. Taste stimulation alone fails to restore function (Przekop et al., 1990) .
In addition to altered sodium responses, dietary sodium restriction throughout development leads to selective morphological changes in the terminal fields of taste nerves at the first central synaptic relay, in the nucleus of the solitary tract (NTS). In particular, the chorda tympani terminal field is dramatically larger and abnormally shaped in sodium-restricted rats compared with sodium-replete rats (King and Hill, 1991; May and Hill, 2006; Sollars et al., 2006) . The fourfold enlargement of the chorda tympani terminal field compared with controls occurs even if dietary sodium restriction is limited to E3-E12 (Krimm and Hill, 1997) , reflecting an altered developmental pattern (Mangold and Hill, 2008) . Collectively, the results from early dietary sodium-restriction studies show that 1) the diet must be instituted before the peripheral system is established, 2) recovery of salt taste function requires absorption of sodium and can occur even at adulthood, and 3) the developmental program producing altered ter-minal fields is set before significant peripheral and central gustatory development. These three findings all show that the underlying mechanisms responsible for the neurobiological effects are not simply due to direct stimulation of taste receptors with the appropriate taste stimuli, but are consistent with more global effects that indirectly impact gustatory development. Nutrition may be a key variable in producing such global effects.
Whereas alterations in peripheral taste responses to sodium and the enlarged chorda tympani terminal field in the central gustatory pathway are hallmarks of early dietary sodium restriction, some of the most striking effects of the diet is the animal's small size and retarded postnatal growth, and the rapid growth rates following dietary recovery (Hill et al., 1986; Hill, 1987; Hill and Przekop, 1988) . It is obvious that the diet has widespread effects and is not limited to the gustatory system. Indeed, there are indications that sodium-restricted rats are undernourished (i.e. they are 63% of control body weights at postnatal day 30; P30), and therefore, the consequences attendant to stunted growth may contribute to the lack of gustatory maturation (Hill et al., 1986; Hill, 1987; Hill and Przekop, 1988) .
Severe dietary sodium restriction may trigger a cascade of nutritionally related events that impact both somatic growth and gustatory development. For example, there is a clear relationship between sodium and placental transport of nutrients (Novak et al., 1996; Ashworth et al., 2001; McClellan and Novak, 2001; Page et al., 2003; Finch et al., 2004) , suggesting that sodium-restriction during early development has a significant effect on pre-and postnatal growth. Furthermore, insulin-like growth factor levels are significantly decreased by malnourishment resulting in smaller fetuses (Fowden, 2003; Gluckman and Pinal, 2003; Gicquel and Le Bouc, 2006) , are decreased in sodium-restricted rats (Sollars and Hill, unpublished observations) , and impact the functional development of the ENaCs (Blazer-Yost and Cox, 1988) , the channel involved in sodium taste transduction (DeSimone and Ferrell, 1985; Avenet and Lindemann, 1988) . To test the hypothesis that the functional and structural effects in the gustatory system may be at least partially due to nutritional effects, we sought an experimental dietary manipulation that results in dramatically stunted growth similar to sodium-restricted rats, but has a full complement of dietary sodium and has been widely used in animal models of malnutrition.
A classic and widely used experimental manipulation used to produce malnourishment is through dietary protein restriction (Forbes et al., 1977; Resnick et al., 1979; Resnick and Morgane, 1983; Morgane et al., 1993) . Protein is a significant and necessary component involved in neurological development. Briefly, amino acids serve as precursors of enzymes, neurotransmitters, and structural proteins that are necessary for the proper growth of the brain Tonkiss et al., 1993) . Therefore, amino acids are not only vital for protein synthesis, but also ensure the proper structural and functional development of the nervous system. Protein restriction also characteristically produces a severely malnourished animal, where body weights are significantly lower than controls (Forbes et al., 1977; Galler and Tonkiss, 1998) . Finally, prenatal protein malnutrition produces more severe alterations in neurological development than when protein restriction is limited to postnatal ages , similar to what was found for sodium-restricted rats (Krimm and Hill, 1997; Mangold and Hill, 2007) .
Due to the similarities in magnitude and timing between sodium and protein restriction in yielding low body weights and a wide array of common neurological consequences, it is possible that a generalized malnourishment effect rather than a specific sodium-restriction effect is responsible for the results seen in sodium-restricted animals. The current study tests the hypothesis that a proteinrestricted diet replete in sodium will have similar neurobiological effects on the developing gustatory system compared with the effects resulting from the sodium-restricted diet. We used peripheral functional measurements (chorda tympani nerve recordings) and central morphological measurements (chorda tympani nerve terminal field organization) to begin such comparisons.
EXPERIMENTAL PROCEDURES
All animal procedures were done in accordance with NIH guidelines for humane handling of animals, and the Institutional Animal Care Committee at the University of Virginia approved all protocols. All efforts were made to minimize the number of animals used and their suffering.
Animals
Breeding pairs of Sprague-Dawley rats obtained from Harlan Sprague-Dawley (Dublin, VA, USA) were fed a standard rat chow (20% protein) ad libitum for the first 6 days of breeding. On the seventh day, the breeding pairs were separated, and the dam's diet was switched to either a 6% protein diet (protein-restricted) or a 20% protein diet (control) (Harlan Teklad, Madison, WI, USA). Dams remained on their specified diet until their offspring were weaned at P21. Pups were then weaned to the same diet previously fed to the dam. The percentage of protein in the diet of restricted and control animals was chosen based on previous research Gressens et al., 1997; Kehoe et al., 2001) .
All litters (nϭ8; four litters/dietary group) were culled to eight pups on P1, with an attempt to retain equal numbers of males and females. Body weights were measured every day until weaning on P21. After weaning, rats were weighed every 5 days until used for neurophysiological recordings or for labeling the chorda tympani terminal nerve.
Body weight data analysis. A repeated measures ANOVA was used to detect differences in body weight from P1-P50, and factorial ANOVAs with post hoc tests were used to detect diet and sex differences. A level of PՅ0.05 was regarded as significant in all analyses.
Neurophysiological recordings
Chorda tympani dissection. In order to examine the effects of protein restriction on whole-nerve responses, the chorda tympani nerve was dissected using a method adapted from Hill et al. (1986) . At P35-P50, protein-restricted (nϭ6) and control rats (nϭ6) were anesthetized with urethane (0.9 mg/kg; i.p.) and were placed on a water-circulating heating pad to maintain body temperature. The hypoglossal nerves were transected bilaterally to reduce tongue movements. The animal was then tracheotomized to prevent stimuli from entering the lungs. A non-traumatic headholder was then used to position the animal (Erickson, 1966) . The left zygomatic arch was removed and the left mandible was retracted. The chorda tympani nerve was exposed from overlying tissue by lateral dissection. The nerve was cut near its entrance into the tympanic bulla and desheathed. The chorda tympani nerve was then placed on a platinum electrode with an indifferent electrode in nearby tissues (Hill et al., 1986) .
Neurophysiology. Multifiber neural activity from the whole nerve was amplified and monitored with an audio amplifier. For data analysis, the amplified signal was passed through an integrator with a time constant of 0.5 s. The electrical summated activity was displayed and analyzed using Chart5 for Windows (PowerLab, ADInstruments, Colorado Springs, CO, USA). This measure of neural response reflects the summation of single-fiber responses and is an appropriate measure for studying responses from a large population of taste buds (Beidler, 1954) .
Stimuli and stimulation procedure. Whole nerve recordings were obtained by stimulating the anterior tongue with concentration series of NaCl, sodium acetate, and KCl. Concentration series of these stimuli were delivered in ascending order (0.05 M, 0.10 M, 0.25 M, and 0.50 M). Additional stimuli included HCl (0.01 N), quinine (0.03 M), and sucrose (0.50 M). All chemicals were dissolved in distilled water and kept at room temperature. Three milliliters of each stimulus at a rate of about 1 ml/s were delivered to the anterior tongue by a syringe and remained on the tongue for 25 s. The tongue was then rinsed with distilled water for at least 1 min. The next stimulus was delivered 35 s after rinsing, thus completing a 2 min cycle for each stimulus. The stability of responses was monitored by comparing 0.50 M NH 4 Cl responses evoked immediately before and after the concentration series. Responses were considered stable when NH 4 Cl response magnitudes on each side of the concentration series differed by less than 10%.
Once the recordings for all the stimuli were obtained, a cotton swab soaked in 50 M amiloride solution was placed on the tongue for 2 min. Amiloride is an ENaC transport blocker that effectively suppresses sodium salt taste responses in adult rats (Heck et al., 1984) . A concentration series to NaCl dissolved in 50 M amiloride solution was then recorded. Rinses consisted of 50 m amiloride in distilled water. The stability of the responses was also monitored by comparing relative NaCl-amiloride responses to 0.50 M NH 4 Cl that was also dissolved in the 50 M amiloride solution.
Data analysis.
Responses to each stimulus were measured using Chart5 for Windows (PowerLab, ADInstruments) to calculate an average magnitude for each stimulus response relative to the baseline. Steady-state response magnitudes above spontaneous levels were measured and averaged across 5-15 s following stimulus application. The first 5 s of each stimulus response was excluded from the response magnitude to eliminate responses resulting from tactile stimulation of the tongue and to ensure that responses adapted to a steady state (Hill et al., 1986) . The mean response magnitudes to 0.50 M NH 4 Cl recorded before and after the concentration series were calculated in the same way. The response magnitudes to NH 4 Cl that bracketed a stimulus series were averaged to give a standardized 0.50 M NH 4 Cl response. Relative response ratios were calculated by dividing the mean response magnitude of each stimulus by the standardized 0.50 M NH 4 Cl response.
Response Ratioϭ
Response Magnitude for a Stimulus Standardized 0.50 M NH 4 Cl response Independent t-tests were then performed to determine significant differences (PՅ0.05) between protein-restricted (nϭ6) and control rats (nϭ6) for each stimulus.
Chorda tympani terminal field labeling
Anterograde labeling. In order to visualize the chorda tympani nerve terminal field within the NTS, the right chorda tympani nerve which projects exclusively to the ipsilateral NTS was labeled with an anterograde neural tracer. Both groups of rats fed the 6% protein diet (nϭ7) and the 20% protein diet (nϭ6) were anesthetized with a 100 mg/kg injection of ketamine, i.m. Supplementary injections were given as needed, and body temperature was maintained at 36°C using a water-circulating heating pad. The rat was then placed in a non-traumatic headholder (Erickson, 1966) . A ventral approach was used to expose the chorda tympani nerve within the right tympanic bulla (May and Hill, 2006; Sollars et al., 2006) . A longitudinal incision in the ventro-medial portion of the neck was made, and the masseter muscle and the posterior belly of the digastricus muscle were retracted. A small hole was made in the tympanic bulla to expose the chorda tympani nerve. The chorda tympani nerve was then cut near the geniculate ganglia and dimethyl sulfoxide (DMSO) was placed on the nerve for approximately 1 min. Once the DMSO had been removed and the area surrounding the nerve was relatively dry, crystals of 3 kD biotinylated dextran amine (BDA; Molecular Probes, Inc., Eugene, OR, USA) were placed on the proximal end of the cut chorda tympani nerve. No attempt was made to deliver the same amount of BDA among rats; rather, the tracer was applied to obtain a gelatinous-like consistency over the cut end of the nerve for all rats. This is the procedure consistently used in previous studies that yielded high fidelity labels in rats of different ages and experimental conditions (Sollars and Hill, 2000; May and Hill, 2006; Hill, 2007, 2008) . There were no noticeable differences between groups in accessing the chorda tympani nerve and in labeling it with BDA. The incision was then sutured, and the rat remained on the heating pad until it recovered from the anesthetic. Rats were killed approximately 24 h following surgery. Previous work (May and Hill, 2006; Sollars et al., 2006) and pilot experiments showed that this period was optimum in transport of BDA to the NTS. Rats were perfused transcardially with Krebs solution (pH 7.3) containing 0.5% glucose followed by 8% paraformaldehyde (pH 7.0).
Tissue preparation. Brains were removed and postfixed in 4% paraformaldehyde overnight. The cerebellum was removed, and the medulla was blocked and sectioned on a vibratome horizontally at 50 m throughout the entire NTS. Therefore, the entire rostral-caudal and medial-lateral extent of the terminal fields was visualized (Davis, 1988; Whitehead, 1988; Lasiter et al., 1989) . The 50 m sections of tissue were collected in 0.1 mM phosphatebuffered saline (PBS; pH 7.4). Sections were then incubated for 1 h in 0.2% Triton X in PBS with streptavidin Alexa Fluor 488 (Molecular Probes) at 1:500 to visualize the chorda tympani terminals labeled with BDA. Sections were then rinsed in PBS three times for 5 min per rinse.
Confocal microscopy and data collection. Chorda tympani terminal fields were imaged using an Olympus IX70 microscope and a Fluoview 3 laser confocal microscope system. The argon laser was used to visualize Alexa 488 (absorption: 495 nm; emission: 519 nm). FluoView 3.3 software was used to run the system and visualize the chorda tympani terminal fields (Olympus America Inc., Melville, NY, USA). Each 50 m section containing terminal field label was mounted between two coverslips with a 2:1 mixture of glycerol and PBS. Optical images were captured every 3 m throughout the entire extent of the physical section. The total number of optical sections varied as the thickness of the sections varied through vibratome sectioning. Data were obtained only from brains that showed clear and definable labeled chorda tympani axons entering the rostral pole of the NTS (see below). Tissue in which the axons were not robustly labeled was not used in the analyses (approximately 20% for both groups).
Data analysis. Chorda tympani terminal field volume was quantified using Neurolucida software version 4.34 (MicroBrightField, Inc., Colchester, VT, USA). The perimeter of each labeled terminal field was outlined and the area was calculated for each 3 m optical section. The volume of each 50 m section was calculated by summing the areas of each optical section and then multiplying by 3 m, the thickness between optical sections. Total terminal field volume was then calculated by summing the volumes of each 50 m section. Independent t-tests were performed to determine significant differences (PՅ0.05) in total terminal field volume between protein-restricted (nϭ7) and control rats (nϭ6).
Total NTS volume
Animals. An additional six Sprague-Dawley rats were used to measure the total NTS volume (6% diet, nϭ3; 20% diet, nϭ3). Rats were deeply anesthetized with 4 mg/kg urethane (ethyl carbamate: Sigma-Aldrich Co., St. Louis, MO, USA; i.p.) and transcardially perfused at approximately P90 with Krebs-Henseleit buffer (pH 7.3) followed by 8% paraformaldehyde (pH 7.2).
Tissue preparation and confocal microscope transmitted light imaging. The procedure has been described previously (Mangold and Hill, 2007) . Briefly, brains were removed and postfixed in 8% paraformaldehyde overnight. The medulla was blocked and sectioned in the horizontal plane on a vibratome at 50 m and collected and prepared for imaging as described above. Sections were imaged on the scanning confocal microscope using the transmitted light function with the 488 nm argon laser. The NTS is relatively translucent within the brainstem and appears similar to phase-contrast images when imaged with the transmitted light.
Data collection. The NTS volume was measured using Neurolucida computer software (version 4.34, MicroBrightField). To calculate volume, the measurements from all the sections were summed and multiplied by the section thickness (50 m).
Statistical analysis. Total NTS volumes were compared between rats fed the 6% and the 20% protein diet using a MannWhitney nonparametric test. A statistical result with an ␣ level of PՅ0.05 is reported as significant.
RESULTS

Survival and body weights
All rats born to mothers placed on the 6% and 20% protein diets survived to the age at which they were used for neurophysiological recordings or chorda tympani terminal field labeling.
A repeated measures ANOVA revealed a significant overall effect for Age (F (26, 728) ϭ1977.2) and significant interactions of AgeϫDiet (F (26, 728) ϭ989.2), AgeϫSex (F (26, 728) ϭ28.8), and AgeϫDietϫSex (F (26, 728) ϭ24.8) (PsϽ0.0001). Post hoc tests showed that male rats fed the 6% protein diet weighed significantly more than female rats fed the 6% protein diet from birth through P16 (PϾ0.05). This is due primarily to the small standard errors for each group and not large differences in body weights (Fig. 1) . In contrast, male and female rats fed the 20% diet did not differ for body weights until P25 and after, where males weighed significantly more than females (PϽ0.001; Fig. 1 ). Finally, male and female rats fed the 20% protein diet weighed significantly more than their 6% protein diet counterparts from birth through P50 (PϽ0.0001; Fig. 1 ). For example, body weights of male and female rats fed the 6% protein diet were approximately 40% of control body weights by P10. Body weight differences between groups continued to diverge throughout the remainder of development (PϽ0.001; Fig. 1 ), so that by P50, male and female rats on the 6% protein diet were only 17% and 21% of the weight seen in rats fed the 20% protein diet, respectively (Fig. 1) .
Multi-fiber neurophysiological responses
Protein restriction maintained throughout development had a significant and selective effect on peripheral taste responses. Responses to all concentrations of sodium salt stimuli (NaCl and sodium acetate) were significantly smaller in rats fed 6% protein throughout development compared with those fed a 20% protein diet (PϽ0.05) (Figs. 2 and 3 ). More profound differences in relative responses between groups were observed as the concentration of the sodium-specific stimulus increased (Figs. 2  and 3 ). For example, responses to 0.5 M NaCl and 0.5 M sodium acetate in 6% protein fed rats were 59% and 50% of that in 20% protein fed rats, respectively (Figs. 2 and 3) . The attenuated responses to sodium-specific stimuli in protein-restricted rats were exclusive. Responses to nonsodium containing compounds including KCl, HCl (0.01 N), quinine (0.03 M), and sucrose (0.50 M) displayed no group differences at any concentration (PϾ0.05; Fig. 4) .
The group-related differences in relative responses to sodium salt stimuli disappeared following the lingual application of amiloride. That is, amiloride suppressed NaCl responses to the same magnitude between dietary groups. Amiloride suppressed all responses to NaCl by as much as 55-60% in 20% protein fed rats and by 45-50% in 6% protein fed rats (Fig. 3A) . The absolute response suppres- ) and female (open symbols) rats raised on a 20% protein diet (circles) and rats raised on a 6% protein diet (squares) from birth (0 days) to 50 days postnatal. Mean body weights for rats fed the 6% protein diet were significantly less than rats fed the 20% protein diet beginning at birth and extending through P50. sion of chorda tympani responses by amiloride was greater for higher concentrations of NaCl. No significant differences between groups existed after amiloride treatment (PϾ0.05; Fig. 3A ).
Chorda tympani terminal field volumes
Total chorda tympani terminal field volumes. Total terminal field volumes were measured throughout the entire dorsal-ventral extent of the NTS. Only labels that were robust and distinct were included in the data (Fig. 5 ). Fig. 6 shows that the total mean chorda tympani nerve terminal field volume (ϮS.E.M.) was about twice as large in rats fed the 6% protein diet (29.0ϫ10 6 m 3 Ϯ5.1) than in those fed the 20% protein diet (16.0ϫ10 6 m 3 Ϯ3.5; Pϭ0.04). Overall, chorda tympani nerve terminal fields in protein-deprived rats extended more caudally and laterally, particularly in the dorsal zone, compared with controls (Fig. 5) .
Zonal distribution of the terminal field. Consistent with previous sodium-restriction studies of the chorda tympani terminal fields (King and Hill, 1991; Krimm and Hill, 1997) , the NTS was divided into dorsal, intermediate, and ventral zones to examine the effects of dietary proteinrestriction on terminal field volumes. The dorsal zone contained sections in which the solitary tract was most visible and included sections in which the fourth ventricle occupied the largest medial-lateral extent (Fig. 5I, J) . The dorsal zone was further characterized by the spinal trigeminal tract extending to approximately the rostral-most extent of the NTS and by the lack of the hypoglossal nucleus (Fig. 5I, J) . In controls, the dorsal zone was usually contained within dorsal-most 150 -200 m (i.e. three to four sections; Fig. 5A, B) . The intermediate zone (100 m) was characterized by the decrease in the fourth ventricle volume compared with the dorsal zone, by the dorsal extent of the hypoglossal nucleus, by the extension of the spinal trigeminal tract rostrally beyond the inferior cerebellar peduncle, and by the presence of the dorsal extent of the facial nucleus (Fig. 5K) . The chorda tympani terminal field in the intermediate zone appeared more oval in shape (Fig.  5C, G) . The ventral zone occupied the final 100 -150 m of tissue (Fig. 5D, H) , and was characterized by an expanded hypoglossal nucleus and facial nucleus compared with the intermediate sections (Fig. 5L) . This zone was located by the much smaller and more compact chorda tympani terminal field (Fig. 5D, H) .
The terms "dorsal," "intermediate," and "ventral" zones used here are consistent with earlier reports (King and Hill, 1991; Krimm and Hill, 1997; Sollars et al., 2006) and are used as descriptors of the serial horizontal sections. The orientation of the NTS within the brainstem is such that the caudal portion of the NTS is dorsal to the ventral-most portion. That is, the NTS is inclined from rostral to caudal. Therefore, the "dorsal" zone more accurately represents the dorsal-caudal portion of the field in the NTS and the intermediate and ventral sections represent a more ventral-rostral portion of the terminal field in the NTS.
Chorda tympani terminal field volume by zone. The differences in total terminal field volumes between controls and protein-restricted rats were largely accounted for in the dorsal zone (Figs. 5 and 6) (control: 3.3ϫ10 6 m 3 Ϯ0.5; protein-restricted: 14.7ϫ10 6 m 3 Ϯ3.2; Pϭ0.007). The dorsal zone in protein-restricted animals extended more caudally and laterally extended than in controls (Fig. 5A, B Fig. 6D , H) were not different.
NTS volume
Analysis of the NTS volume revealed that adult rats fed the 6% protein diet throughout development had volumes approximately 19% smaller than in adult rats fed the 20% diet (6%: 10. Ϯ0.02). Therefore, the enlarged chorda tympani nerve terminal Fig. 2 . Integrated responses from the chorda tympani nerve to a concentration series of NaCl and to 0.5 M NH 4 Cl in a rat raised on a 20% protein diet (20% protein) and in a rat raised on a 6% protein diet (6% protein). Scale barϭ1 min.
field in rats fed the 6% protein diet was contained within an NTS that was significantly smaller (PϽ0.05) than in rats fed the 20% diet.
DISCUSSION
Dietary protein restriction throughout pre-and postnatal development had major effects on body weights, chorda tympani whole nerve responses, and chorda tympani terminal field volumes in the NTS. Rats fed a proteinrestricted diet (6% protein) early in gestation throughout adulthood had significantly lower body weights beginning on P10 compared with rats fed a protein-replete diet (control; 20% protein). The differences in body weight continued into adulthood, indicating a malnourished and severely growth-retarded state. The protein-restricted rats also had selective and highly attenuated peripheral taste responses to sodium-specific stimuli. The application of amiloride eliminated the differences in response magnitudes between control and restricted rats, suggesting that early protein dietary restriction altered functional ENaC development. Group-related differences were also seen in the chorda tympani nerve terminal field volumes in the NTS. The protein-restricted group had total chorda tympani ) responses of the chorda tympani nerve to a concentration series of sodium acetate (NaAc) in rats fed a 20% or a 6% protein diet during development. Asterisks denote responses from rats fed the 20% protein diet were significantly higher than those in rats fed the 6% diet (PϽ0.05). nerve terminal field volumes that were nearly twice as large as controls, with the group-related effects predominantly in the dorsal zone of the chorda tympani terminal field. Moreover, the enlarged terminal field was contained within a relatively smaller NTS, thereby exaggerating the diet-related terminal field volume differences.
Comparisons with previous studies
The results reported here are strikingly similar to previous studies that used dietary sodium-restriction rather than protein-restriction to alter gustatory development (Hill et al., 1986; Hill, 1987; Hill and Przekop, 1988) . In both sodium-restricted and protein-restricted rats, whole nerve responses to sodium salt stimuli were lower for all concentrations of NaCl stimuli (Fig. 7) . In both types of dietary restricted rats, the response magnitudes to NaCl increased by 60 -80% and reached a maximal response when the stimulus concentration of NaCl was increased from 0.05 M to 0.10 M. (Fig. 7) . By contrast, the response magnitudes in control rats increased by 60 -115% as the stimulus concentration increased from 0.1 M to 0.25 M NaCl (Fig. 7) . Therefore, both sodium-and protein-restricted diets produced lowered taste responses to sodium-specific stimuli. These differences in response magnitude compared with controls were not seen with non-sodium stimuli.
Earlier studies demonstrated that decreased afferent activity in sodium-restricted rats led to decreased pruning with age and expanded gustatory terminal fields in the NTS (Sollars et al., 2006; Mangold and Hill, 2008 ). In the current study, protein-restricted rats also had expanded chorda tympani terminal fields in the NTS as well as decreased peripheral neural responses. The chorda tympani terminal field volumes of protein-restricted rats were similar to the volumes seen in sodium-restricted rats (Fig. 6 ). Consistent also with sodium-restriction studies (King and Hill, 1991; Krimm and Hill, 1997; May and Hill, 2006; Sollars et al., 2006) , the dorsal zone of the chorda tympani terminal field was particularly affected by early dietary protein restriction (Fig. 6) . The intermediate and ventral zones remained unchanged compared with controls in both protein-and sodium-restricted animals (Fig. 6) . Therefore, proteinrestriction, like sodium-restriction, produced expanded chorda tympani terminal fields that may have resulted from decreased activity-dependent pruning in the NTS (Sollars et al., 2006) . Taken together, there are remarkable similarities in peripheral functional response alterations and terminal field organization between sodium-and proteinrestricted rats. Such similarities may relate to a common nutritional-dependent pathway(s).
General malnutrition is responsible for altering gustatory development
Malnutrition is operationally defined as a diet deficient in one or more nutrients (Morgane et al., , 2002 . We chose to examine the effects of protein restriction as a means to institute malnutrition because of the significant amount of work relating how dietary protein levels influence somatic growth (Kanarek et al., 1986) , the development of dendritic morphology (Benitez-Bribiesca et al., 1999; Cordero et al., 2003) , neurogenesis (King et al., 2002 (King et al., , 2004 , sensory development (Puthuraya et al., 1980; Sjostrom et al., 1984 Sjostrom et al., , 1985 Sjostrom et al., , 1987a Almli et al., 1985; Conradi et al., 1985 Conradi et al., , 1990 Conradi, 1987, 1989; Vilela et al., 2005) , as well as influence a variety of behaviors and underlying neural circuits (Cintra et al., 1997; Morgane et al., 2002; Mokler et al., 2003) . Clearly, other dietary manipulations may yield similar (or different) results than found here because insufficient amounts of a single nutrient can significantly alter nervous system development. Indeed, it is possible that prenatal restriction of other dietary constituents such as fats, carbohydrates, and essential minerals could lead to the effects seen here; however, it is clear from this study that early protein restriction leads to malformations that represent delayed or arrested nervous system maturation in the gustatory system as noted in other systems . Since an absence of either protein or sodium leads to similar alterations in gustatory development, the strikingly similar effects resulting from two distinctly different types of dietary restriction suggest that a common pathway involving malnutrition is responsible for the alterations in gustatory development and function. If malnutrition in general is responsible for altering gustatory development, both protein and sodiumrestriction may operate under a similar mechanism(s) that causes these developmental changes. Indeed, there are clear sodium-dependent transport systems related to glucose and amino acid transfer across the placenta (McClellan and Novak, 2001) . Therefore, decreased maternal sodium levels in sodium-restricted rats could produce malnutrition effects similar to that produced through protein restriction.
Potentially, maternal dietary restriction may cause the reduction of certain circulating factors like hormones and growth factors that are essential for proper fetal development (Hill and Przekop, 1988) . The absence of these circulating factors may compromise ENaC function in taste buds (Hill and Przekop, 1988) . A non-functional channel would lead to lowered peripheral responses. Although the candidate circulating factors and pathways are numerous, there are some that are especially attractive because of their regulatory roles on somatic growth and channel function. Specifically, insulin-like growth factor 1 (IGF1) is a key factor in mediating fetal growth Gicquel and Le Bouc, 2006) , is decreased in sodium-restricted rats (Sollars and Hill, personal communication) , and plays a major role in amino acid transport and in regulation of ENaCs (Blazer-Yost and Cox, 1988; Blazer-Yost et al., 1989) . The potential alterations in IGF1 may help explain the specificity of the functional changes in the chorda tympani nerve. Namely, an exclusive downregulation of the transduction channel used for sodium taste through decreased IGF1 levels would help explain why amiloride reduced the responses in control rats to that seen in protein-or sodium-restricted rats and why the non-sodium stimuli were not affected by dietary manipulations. We emphasize here that only responses from the chorda tympani nerve were examined; therefore, it is possible that other taste modalities (e.g. sugar responses) could be affected in other taste receptor populations (e.g. circumvallate taste buds). Moreover, while IGF1 may provide an attractive scenario, it is possible that other factors play a role in producing the diet-related functional changes seen in peripheral gustatory structures.
For central morphological changes, the dampened afferent activity resulting from lack of ENaC function in protein-and sodium-restricted rats may prevent the proper activity-dependent pruning of the gustatory terminal fields in the developing NTS and have a major effect on circuit formation (Sollars et al., 2006; Mangold and Hill, 2008; May et al., 2008) . Activity-dependent changes in central morphology are consistently seen in other developing sensory systems (Hubel and Wiesel, 1970; Catalano and Shatz, 1998; Crowley and Katz, 2002) .
Finally, the timing of the dietary insult is a more crucial factor than the type of insult for both dietary sodium and protein restriction, again pointing to a common pathway. For example, dietary sodium restriction must occur on or before E8 to cause changes in peripheral responses to sodium-specific stimuli (Hill and Przekop, 1988) , and prenatal sodium-restriction limited to E3-E12 sufficiently and permanently alters the development of the chorda tympani terminal field (Krimm and Hill, 1997; Hill, 2007, 2008) . Likewise, protein restriction limited to prenatal periods increases tonic inhibition in the hippocampus (Chang et al., 2003) ; decreases the numerical density of hippocampal CA3 excitatory synapses (Granados-Rojas et al., 2004) ; and produces smaller hypothalami and a suppressed corticosterone response to acute and chronic isolation stress (Kehoe et al., 2001) . The timing of the dietary insult in all of these instances must occur during an early critical period to have a large-scale effect: a time when the nervous system experiences exuberant growth and is susceptible to insult (Morgane et al., , 2002 .
Protein-restriction as an effective health-related model
The striking and similar effects caused by protein-and sodium-restriction suggest that malnutrition in general is the primary vehicle for altering gustatory development. Since protein-restriction is likely to be a more relevant and widespread concern in human nutrition than sodium-restriction, the current data may be especially important in providing new insights into the effects of early proteinmalnutrition on sensory and brainstem development.
